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ABSTRACT 
Visualizing cells in three-dimensional (3D) scaffolds has been one of the major challenges in tissue 
engineering. Current imaging modalities have limitations. Microscopy, including confocal microscopy, 
cannot penetrate deeply (> 300 μm) into the scaffolds; X-ray micro-computed tomography (micro-CT) 
requires staining of the structure with a toxic agent such as osmium tetroxide. Here, we demonstrate 
photoacoustic microscopy (PAM) of the spatial distribution and temporal proliferation of melanoma cells 
inside three-dimensionally porous scaffolds with thicknesses over 1 mm. Melanoma cells have a strong 
intrinsic contrast which is easily imaged by label-free PAM with high sensitivity. Spatial distributions of 
the cells in the scaffold were well-resolved in PAM images. Moreover, we chronically imaged the same 
cell/scaffold constructs at different time points over 2 weeks. The number of cells in the scaffold was 
quantitatively measured from the PAM volumetric information. The cell proliferation profile obtained from 
PAM correlated well with that obtained using the traditional 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay. We believe that PAM will become a useful imaging modality 
for tissue engineering applications, especially when thick scaffold constructs are involved, and that this 
modality can also be extended to image other cell types labeled with contrast agents. 




Three-dimensional (3D) scaffolds are synthetic porous constructs, which are important in tissue 
engineering. The aim of tissue engineering is to develop new tissue/organ substitutes for facilitating the 
restoration and maintenance of biological functions.1 3D scaffolds provide physical supports and form 
adjustable microenvironments for cells. To perform this role, the scaffolds must have proper properties, 
including biocompatibility, biodegradability, mechanical strength, porosity, pore size, interconnectivity, 
and among others.  
Despite dramatic achievements in tissue engineering, visualizing live cells inside scaffolds is still 
challenging. Microscopic imaging systems capable of providing volumetric information of cells are quite 
rare. For example, optical microscopy, including confocal and two-photon laser scanning microscopy, has 
been widely used for visualizing cells. However, due to strong light scattering, the penetration depth of 
such a modality is typically limited to several hundred micrometers. Micro-computed tomography (micro-
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CT) based on X-ray can visualize a whole construct with dimensions of several centimeters. However, for 
cell imaging, it usually requires toxic contrast agents such as osmium tetroxide.2 Label-free optical 
coherence tomography (OCT) with a relatively high resolution (~0.9 μm) has been demonstrated for 
imaging tissue/scaffold constructs.3 Although OCT could simultaneously resolve the structures of both the 
tissue and scaffold, it is rather difficult to distinguish between these two. Magnetic resonance imaging 
(MRI) was also employed to evaluate the differentiation of bone marrow stromal cells in gelatin sponges.4 
However, MRI suffers from low spatial resolution (70-100 μm) and long image acquisition time. 
Histological analyses can provide excellent details of the sample. Nonetheless, this method is destructive. 
Therefore, there is still a strong need for a non-invasive imaging modality with high resolution and deep 
penetration for volumetric information of cells in 3D scaffolds. 
The emerging photoacoustic microscopy (PAM) is attractive for imaging cells in a non-invasive manner. 
PAM detects photoacoustic waves generated from the objects that absorb either pulsed or intensity-
modulated laser irradiation.5 Melanoma cells have a strong intrinsic contrast for PAM with high 
sensitivity.6 Additionally, the non-ionizing radiation in photoacoustic (PA) imaging imposes no hazardous 
effects to tissues, in contrast with ionizing X-rays in micro-CT.7 Here, we report PAM imaging of 
melanoma cells seeded in poly(D, L-lactide-co-glycolide) (PLGA) inverse opal scaffolds for tissue 
engineering application. We have successfully demonstrated the capability of PAM to non-invasively 
image a whole cell/scaffold construct ~ 1.5 mm thick, resolving spatial distribution of cells in a 3D manner. 
In addition, non-invasive and label-free PAM made it possible to monitor cell proliferation in the same 
scaffold over time, and to quantitatively analyze the number of cells as a function of time. 
 
2. MATERIALS AND METHODS 
2.1 Preparation of inverse opal scaffolds  
We fabricated the uniform microspheres of gelatin (Type A; Sigma-Aldrich) and inverse opal scaffolds of 
PLGA (lactide/glycolide=75/25, Mw≈66,000-107,000, Sigma-Aldrich) by following our recently published 
procedures.8 
2.2 Cell culture and seeding 
B16 melanoma cells were obtained from the Tissue Culture and Support Center at the Washington 
University School of Medicine. The cells were maintained in Dulbecco’s modified Eagle medium (DMEM, 
Invitrogen, Carlsbad, CA) supplemented with 10% heat-inactivated fetal bovine serum (FBS, ATCC, 
Manassas, VA) and 1% antibiotic antimycotic (ABAM, Invitrogen). Prior to cell seeding, scaffolds were 
sterilized with 70% ethanol and UV irradiation overnight, washed with PBS (Invitrogen) three times, and 
stored in a culture medium. During the culture, the media were kept in an incubator at 37 °C under a 
humidified atmosphere containing 5% CO2, and were changed every other day.  
 
2.3 MTT assay 
After PAM imaging of the scaffolds, the culture media were withdrawn, and the scaffolds were collected in 
a 12-well plate (one scaffold per well). 1 mL 1-propanol was added to each well to completely dissolve the 
MTT formazan crystals throughout the scaffolds. Optical density was measured at 560 nm using a 
spectrophotometer (Infinite 200, TECAN). All final data were normalized to the dry weight of each 
scaffold. 
 
2.4 Scanning electron microscopy 
Scanning electron microscopy (Nova NanoSEM 2300, FEI, Hillsboro, OR) was used to characterize both 
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number of melanoma cells in the scaffold was quantified by PAM and agreed well with traditional MTT 
assay. We believe that PAM will become a useful technique as an imaging modality for tissue engineering 
applications, especially when thick cell/scaffold constructs are involved, and this modality can also be 
extended to image other cell types labeled with contrast agents such as organic dyes. 
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